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Excited Fluorophores Enhance the Opening of Vesicles at Electrode
Surfaces in Vesicle Electrochemical Cytometry
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Andrew Ewing*

Abstract: Electrochemical cytometry is a method developed
recently to determine the content of an individual cell vesicle.
The mechanism of vesicle rupture at the electrode surface
involves the formation of a pore at the interface between
a vesicle and the electrode through electroporation, which leads
to the release and oxidation of the vesicle’s chemical cargo. We
have manipulated the membrane properties using excited
fluorophores conjugated to lipids, which appears to make the
membrane more susceptible to electroporation. We propose
that by having excited fluorophores in close contact with the
membrane, membrane lipids (and perhaps proteins) are
oxidized upon production of reactive oxygen species, which
then leads to changes in membrane properties and the
formation of water defects. This is supported by experiments
in which the fluorophores were placed on the lipid tail instead
of the headgroup, which leads to a more rapid onset of vesicle
opening. Additionally, application of DMSO to the vesicles,
which increases the membrane area per lipid, and decreasing
the membrane thickness result in the same enhancement in
vesicle opening, which confirms the mechanism of vesicle
opening with excited fluorophores in the membrane. Light-
induced manipulation of membrane vesicle pore opening
might be an attractive means of controlling cell activity and
exocytosis. Additionally, our data confirm that in experiments
in which cells or vesicle membranes are labeled for fluores-
cence monitoring, the properties of the excited membrane
change substantially.

Electrochemical techniques can be used to detect and
quantify the neurotransmitter content in soft nanoparticles,
such as vesicles or liposomes, by electrochemically oxidizing
transmitters upon particle rupture.!! Previous work in quan-
tifying the neurotransmitter content of single secretory
vesicles has been performed using a technique known as
electrochemical cytometry."! This technique involves the
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separation of vesicles or liposomes using capillary electro-
phoresis followed by amperometric detection of their content
as the vesicles exit the capillary and are lysed at the surface of
a carbon fiber microelectrode. We have recently developed
a technique with the same aim, vesicle electrochemical
cytometry, that involves the lysis of vesicles on an electrode
surface without the need for a preceding electrophoretic
separation step.”! The electroactive content of an individual
vesicle is oxidized at the electrode surface and results in an
amperometric spike. The area under the spike provides the
number of molecules detected, while the shape characteristics
of the spike reveal kinetic information of the opening of the
vesicle at the electrode. The number of amperometric spikes
also relates to the number of vesicles opening at the electrode
surface. Application of a potential at the electrode surface
appears to cause electroporation of the membrane and leads
to the formation of a pore between the electrode and vesicle,
out of which the neurotransmitters can diffuse.”! Not all
adsorbed vesicles form a pore and, interestingly, in most cases
vesicles stay intact.) However, if we replace the vesicles with
liposomes, as a model for secretory vesicles, the number of
liposomes that rupture at the electrode surface increases
significantly compared with that of vesicles.’l This gives rise
to the important question of which factors affect the
adsorption of vesicles at the electrode surface and the initial
formation of the pore.

The ability to manipulate vesicle opening on electrodes or
in cells is extremely important, as this is part of the
fundamental process of communication, and might be
a means to control cell activity and communication with
light and without the involvement of channel proteins.
Furthermore, the concept that oxidative stress affects the
opening of membrane pores is of fundamental importance in
our understanding of membrane dynamics.

Many studies on the adsorption and rupture pathways of
liposomes have shown that both the adsorption and the
rupture mechanism are dependent on many factors including
the lipid composition of the liposomes and the nature of the
adsorption substrate.”! In our system, we use large dense core
vesicles (LDCV) isolated from chromaffin cells, which makes
the interpretation of the results more challenging owing to the
complex nature of the LDCVs.

Herein, we show that manipulating the membrane proper-
ties of vesicles with an excited lipid-conjugated fluorophore
can increase the number of amperometric events, which
indicates a significant increase in vesicle opening at the
electrode surface as measured by vesicle electrochemical
cytometry. The enhancement of electrochemical cytometry
using fluorophores is suggested to result from oxidation of the
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membrane, which allows easier adsorption and rupture and is
dependent on the location of the fluorophore within the
membrane structure, that is, either at the head or tail of the
vesicle lipids.

When a 33-pm electrode is placed in a suspension of
isolated chromaffin vesicles and a potential of 700 mV versus
Ag/AgCl reference electrode is applied at the electrode
surface, the vesicles adsorb onto the electrode surface and
undergo fusion over time resulting in amperometric spikes
(Figure 1a). When vesicles are labeled with a fluorophore,
such as rhodamine phosphatidylethanolamine (Rh-PE),
incorporated in their membrane and the fluorophore is
excited, the amperometric trace shows a significant increase
in the number of spikes compared to those without the
fluorophore (Figure 1b). A comparison between the number
of vesicle fusion events with and without fluorophore-labeling
reveals a significant increase in the number of events when
the fluorophores in the labeled vesicles are excited (Fig-
ure 1c¢).

The increase in the number of events could be related to
a larger number of vesicles adsorbed at the electrode surface,
promotion of initial pore formation, or both. We compared
the kinetic parameters between control and labeled vesicles
and found no significant difference in the kinetics for
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Figure 1. A schematic of the experiment with an example of an
amperometric trace of vesicles opening at the electrode surface for

a) control and b) rhodamine-labeled vesicles. c) Bar graph comparing
frequency of events between control and rhodamine-labeled vesicles

(3 um). Error bars are the standard error of the mean; vesicle isolation
was done three times; and for each isolation, three replicate experi-
ments were performed for each condition. The total number of spikes
for control and rhodamine-labeled vesicles is 358 and 2500, respec-
tively. **p < 0.005.
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chemical release from individual vesicle events between the
two systems (Supporting Information, Figure S1). Because of
the considerably slow diffusion rate of neurotransmitters
inside the vesicle matrix owing to the presence of the dense
core, changing the membrane properties of the vesicle does
not influence the kinetic parameters significantly. This means
that the most important feature to determine the kinetic
parameters for vesicle rupture is the diffusion of neuro-
transmitters through the pore and not the membrane proper-
ties.”!

To determine if the enhancement in vesicle opening is
dependent on the amount of dye incorporated into the
membrane we incubated vesicles with different dye concen-
trations. The results clearly show a dependence of event
frequency on dye concentration. Thus, higher dye concen-
trations result in more vesicles adsorbing and/or rupturing at
the electrode surface (Figure?2). As expected, the same
pattern was observed for different light intensities. The
highest light intensity produced the largest number of spikes
in an amperometric trace (Supporting Information, Fig-
ure S2). Moreover, in a different approach, the light was
turned on and off in a systematic way, and the number of
events increased and decreased correspondingly (Supporting
Information, Figure S3), which clearly shows that exciting the
fluorophore enhances the opening of vesicles.
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Figure 2. The frequency of events is dependent on the concentration of
dye. The vesicles were labeled using 1.5, 3, and 4.5 um rhodamine
prior to the measurement; error bars are the standard error of the
mean. Vesicle isolation was done three times; and for each isolation,
three replicate experiments were performed for each dye concentration.
The total number of spikes (from low to high concentration of dye) is
334, 626, 1271, and 2094. *p < 0.05, **p < 0.005, and ***p < 0.001.

An important question is whether this phenomenon is
specific to rhodamine or if any excited fluorophore can
produce the same effect. We tested another frequently used
dye-conjugated lipid, nitro benzoxadiazol-phosphoethanol-
amine (NBD-PE), that has a shorter maximum excitation
wavelength (460 nm) than that of rhodamine. Like Rh-PE,
NBD-PE has the fluorophore attached to the lipid headgroup
and therefore the fluorophore is located in the outer part of
the membrane. Our data clearly show that the number of the
spikes increases significantly when vesicles are labeled with
NBD-PE (Figure 3) and the kinetic parameters for individual
spikes are the same (Supporting Information, Figure S4).
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Figure 3. Bar graph showing the frequency of vesicle opening events
for control and NBD-head-labeled vesicles (3 um). The error bars are
the standard error of the mean. Vesicle isolation was done three
times; and for each isolation, three replicate experiments were
performed for each condition. The total number of spikes for control
and NBD-head-labeled vesicles is 358 and 1871, respectively.

#p < 0.05.

The number of spikes has been plotted versus time for
comparison of control and labeled vesicles. Interestingly, the
vesicles labeled with rhodamine and NBD show a rise in the
frequency of events in the beginning of the recording that is
followed by an exponential decay (Figure 4b,c), whereas for
the control vesicles, the frequency of rupture begins at the
maximal value followed by an exponential decay (Figure 4a).
The initial rise in the frequency of events for labeled vesicles
appears to result from the absorbed energy promoting vesicle
absorption and/or pore formation upon radiation. For NBD
there is a time delay before the initial rise compared with that
of rhodamine, and this might be explained by the greater
distance between the absorption center and the center of the
bilayer, as NBD is more polar. This could reduce the effect of
the fluorescent label and cause the observed time delay.”” To
test this, we used another NBD-PE dye in which the
fluorophore is attached to the tail of the lipid and found the
response time to be similar to the control (that is, there was no
time delay to the maximal response; see Figure 4d and the
Supporting Information, Figure S5). In this case, the fluoro-
phore is located in the center of the bilayer,! where the
reaction of excited fluorophore with the membrane might be
more potent. The fact that a fluorophore placed in the middle
of the bilayer is more potent for pore formation suggests that
ROS formation rather than vesicle adsorption might be the
more dominant factor affecting the frequency of rupture at
the electrode surface.

It has been shown that the effects of excited fluorophores
placed in the membrane of vesicles to promote the leakage of
the encapsulated dye are dependent on the concentration of
the fluorophore in the membrane.’®® The fluorophore, which
is attached to the lipid headgroup, is thought to be the
nucleation center for pore formation or it might increase the
membrane tension. In either case, this facilitates pore
formation. However, different control experiments in which
unlabeled vesicles were exposed to light (560 nm) and labeled
vesicles were kept in the dark during measurement, result in
no increase in the number of vesicle impact events (Support-
ing Information, Figure S6). This strongly suggests that the
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Figure 4. The bar graphs are frequency versus time for a) control,
b) rhodamine-head-labeled (3 um), c) NBD-head-labeled (3 um), and
d) NBD-tail-labeled (3 um) vesicles.

excited dye changes the properties of the membrane,
apparently leading to better vesicle adhesion and/or easier
pore formation.

Excited fluorophores produce reactive oxygen species
(ROS) at the lipid bilayer and can cause oxidation of the
membrane.”! The production of ROS is mainly dependent on
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the photochemical properties of the fluorophore and the dose
of excitation light.”) It appears that in our case the lipid
attached to the dye brings the fluorophore close to the
membrane, and, upon radiation, the excited fluorophore
produces both singlet oxygen and superoxide, which oxidize
the membrane lipids and proteins, damage the membrane,
and cause a significant change in the conformation of lipids
and proteins. Oxidized lipid tails become more polar and
bend towards the polar lipid headgroups, leading to an
increase in the average surface area per lipid and decreasing
bilayer thickness. This conformational change causes the
formation of water defects in the membrane bilayer and an
increase in membrane permeability that is greater as the
concentration of the oxidized lipids is increased. All these
changes in the membrane properties can enhance the
probability of pore formation. It has been shown that pore
formation through electroporation occurs at local concen-
trations of oxidized lipids because the first steps for electro-
poration involve the intrusion of water into the bilayer
interior and bilayers containing oxidized species are more
permeable to water."!

Changing the permeability of the membrane also disturbs
the protein localization."! Moreover, proteins are the main
biological targets for ROS because of their abundance and
high rate constants for protein oxidation, which can lead to
unfolding or conformational changes of the proteins.'” These
phenomena can lead to better adsorption of vesicles onto the
surface of the electrode where the lipid bilayer contacts the
surface as proteins diffuse away from the contact point,
leading to more effective electroporation.

The same phenomenon has been observed in other studies
in which rhodamine-conjugated peptides bind to negatively
charged phospholipids and, upon radiation, destabilize the
membrane.!” The excited fluorophore causes the oxidation of
the membrane through production of ROS at the lipid bilayer.
However, the formation of ROS alone is not enough to
destroy the membrane, and the conjugated peptide plays an
important role in bringing the dye close to the membrane and
promoting the aggregation of oxidized lipids, which accelerate
the membrane rupture.™ In our work, lipid conjugation
appears to decrease the thickness of the membrane and bring
it closer to the electrode, which promotes electroporation.
Thus, the proximity of the excited dye to the membrane is
critically important to drive this process. This is supported by
the more rapid onset of the effect in the experiments with the
NBD-tail-labeled lipid in which the oxidation reaction is
inside the membrane and can more effectively drive this
process from the inner membrane.

To test this hypothesis, we treated chromaffin cell vesicles
with dimethyl sulfoxide (DMSO) because it has the same
effect on the membrane as oxidized lipids in terms of
membrane thickness and formation of water defects."
DMSO increases the membrane area per lipid and decreases
the membrane thickness, leaving more free space in the
hydrophobic region of the membrane and leading to less-
packed lipid tails that show disordered configurations.'! Tt
also causes the formation of membrane defects made by the
presence of water molecules within the lipid bilayer similarly
to oxidized lipids. There is also evidence that DMSO interacts
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with membrane proteins, breaking them into subunits.'*!]

We have treated vesicles with DMSO, and subsequent
electrochemical cytometry measurements show differences
from control experiments that follow the same pattern as
fluorescently labeled headgroup vesicles. The number of
events increases significantly (Figure 5a), while all the kinetic
parameters remain the same (Supporting Information, Fig-
ure S7). The increase in the frequency of events with time
observed for rhodamine- and NBD-headgroup-labeled vesi-
cles is also observed for DMSO-treated vesicles (Figure 5b).
It has been shown that electroporation efficiency in cells
increases after DMSO incubation."

a) Il control
] omso Treated

*%
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Figure 5. a) Comparison of the frequency of events between control
and 0.6 % DMSO-treated vesicles shows a significant increase in the
frequency of spikes for the DMSO-treated vesicles. Vesicle isolation
was done three times; and for each isolation, three replicates were
performed for each condition. The total number of spikes for control
and DMSO-treated vesicles is 326 and 1791, respectively. **p < 0.005.
b) Frequency versus time graph for opening of DMSO-treated vesicles.

To confirm that the production of ROS causes the
enhancement of vesicle opening, vesicles were treated with
hydrogen peroxide (H,0,). The data clearly shows that the
number of events increases significantly in the presence of
H,O, (Supporting Information, Figure S8). We also loaded
vesicles with the intravesicular dye acridine orange, which
increased the number of events as well (Supporting Informa-
tion, Figure S9a); however, a portion of the excited dye is in
contact with the membrane and might well be involved in the
oxidation of membrane species. Thus, this does not provide
mechanistic information. The increased frequency versus
time reaches a maximum at about the same time as that for
the rhodamine-labeled vesicles (Supporting Information,
Figure S9b), which is consistent with labeling the headgroups
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but in this case the effect occurs through contact with the
inside of the lipid bilayer. We note that these factors do not
affect the dynamics of the individual events, even though both
should affect the entire membrane. Taken together with the
potential dependence of the incidence of pore formation,* we
argue that fluorophore excitation, DMSO, and H,O, promote
the electroporation process to more rapidly initiate pore
formation at the interface between adsorbed vesicles and the
electrode, but the exact mechanism of opening can still be
debated.

Figure 6 shows the proposed model of vesicle-opening
enhancement with excited fluorophores. We hypothesize that
this is similar for treatment with DMSO. In the model, the
membrane lipids (and perhaps proteins) are oxidized by the
excited fluorophore, leading to a more disrupted membrane
and both better adsorption of vesicles to the electrode surface
and an electroporation-formed fusion pore. It is very likely
that by treating the vesicles with DMSO or by introducing
excited fluorophores into the membrane we are creating
a more fragile membrane, making electroporation more
efficient and promoting the incidence of pore formation for
opening of the vesicle in electrochemical cytometry.

@~ Rhodamine PE- ground state

#‘* Rhodamine PE- excited state

mwmer molecules

More susceptible
electroporation

Electrode

Figure 6. Model of the hypothesis that the oxidation of membrane
lipids, upon production of ROS, changes the packing density of lipid
tails and causes the formation of water defects followed by proteins
delocalization, as suggested in a previous model.”! The decrease in
membrane thickness, formation of water defects, and protein delocal-
ization make the vesicle membrane more susceptible to electropora-
tion, which is a mechanistic part of vesicle electrochemical cytometry.
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